High-strength structural bolts are used in nearly every steel beam-to-column connection in typical steel building construction practice. Thus, accurately modeling the behavior of high-strength bolts at elevated temperatures is crucial for properly evaluating the connection capacity, and is also important in evaluating the strength and stability of steel buildings subjected to fires. This paper uses a componentbased modeling approach to empirically derive the ultimate tensile strength and modulus of elasticity for grade A325 and A490 bolt materials based on data from double-shear testing of high-strength 25 mm (1 in) diameter bolts at elevated temperatures. Using these derived mechanical properties, the component-based model is then shown to accurately account for the temperature-dependent degradation of shear strength and stiffness for bolts of other diameters, while also providing the capability to model load reversal.
The double-shear loads were applied using testing blocks designed to resist 71 loads much larger than the bolts' nominal shear capacity. These blocks were 72 reused for multiple tests. Two sets of testing blocks were manufactured: one 73 set for the 19 mm (3/4 in) and 22 mm (7/8 in) diameter bolts, and one set for the 74 25 mm (1 in) diameter bolts. The first set was manufactured using ASTM A36
75
(ASTM, 2014c) steel, with a specified minimum yield strength of 250 MPa (36 ksi), 76 and the second set was manufactured using heat-treated AISI/SAE 8640 alloy 77 steel, with a specified minimum yield strength of 560 MPa (81 ksi). The configu-78 ration and dimensions of the testing blocks used to test the 25 mm (1 in) diameter 79 bolts is shown in Fig. 1 .
80
For each test, the entire test setup, including the bolt specimen, was pre-heated 81 to the specified temperature using an electric furnace, and then the loading block Step 2. Calculate the slope of the bolt load-deformation response ( Fig. 2(b) ). In 124 this paper, complex step differentiation was used; however, other numer- (1 in) diameter bolt specimens, and did not influence their double-shear capacity. prescribed strength and stiffness characteristics. In component-based modeling of 150 the double-shear test fixture shown in Fig. 1 the bolt shear load-deformation response such that k i at δ = 0 and k p at δ = δ u (where δ u is the ultimate deformation of the bolt).
186
These approximate values are used to initialize the optimization scheme, reducing 187 its computational cost and increasing its likelihood of finding the globally optimal 188 solution. of the initial stiffness regression line at zero load, or
where 
where Specimen parameters provided in Table 1 
259
The ultimate tensile strength of the bolt steels, F u (T ), can be related to the of the bolt such that
The discrete markers in Fig. 10 show the values for the ultimate tensile strength 266 calculated using Eq. (5).
267
To characterize the ultimate tensile strength over the full range of temperatures 268 of interest, an exponential function of the form:
was fitted to the experimental data using nonlinear least-squares regression tech-270 niques (Fig. 10) . The ambient-temperature ultimate tensile strength F u,amb was fit-271 ted to the data along with the other coefficients. The fitted coefficients of Eq. (6),
272
F u,amb and a 1 through a 4 , are shown in Table 2 tensile strength of the bolt materials.
287
The modulus of elasticity of the bolt steels can be related to the initial stiffness 
with bearing stiffness
and shearing stiffness
In Eqs. (8) and (9), β b is a correction factor that accounts for the concentration of 
The modulus of elasticity of the bolt steel is determined by solving Eq. (7) for 305 E(T ) such that:
where
Similar to the approach taken for the ultimate tensile strength, an equation was 308 fitted to the modulus of elasticity data to enable its calculation for all temperatures.
309
For the modulus of elasticity, a third-order polynomial equation of the form:
was fitted to the experimental data using least-squares regression techniques. Co- the plastic stiffness and the elastic stiffness, at a particular temperature, was de-319 termined as the average of the k p (T )/k i (T ) values from Table 1 (Fig. 12) , and the 320 plastic stiffness was calculated as this ratio multiplied by specimen-specific initial 
Application of Modeling Approach to Smaller-Diameter Bolts

335
The empirical bolt load-deformation modeling approach is based solely on the 
351
The bolts are modeled using Eq. (2), with (i) initial stiffness determined from
352
Eq. (7), incorporating temperature-dependence via Eq. (14) (Fig. 11) for the mod- Retained E Retained Modulus of Elasticity Data Nonlinear Regression (using Eq. (6) and their 95 % confidence bounds shown in the textbox.
413
It was previously noted in Section 4.2 that the shape parameter n had rela- parameter is approximated as a constant value over all temperatures, and is cal-419 culated as the average of the consolidated shape parameter data from both the 420 grade A325 and A490 bolts ( Fig. 18(a) ). A similar strategy is adopted for the 421 ratio of the plastic stiffness to the initial stiffness ( Fig. 18(b) ). Use of average (Fig. 16(b) ), retained modulus of elasticity ( Fig. 17(b) ),
429
average shape parameter ( Fig. 18(a) ), and average stiffness ratio (Fig. 18(b) ).
430
Comparison of Fig. 14 and Fig. 19 shows that using the consolidated ultimate 
Assumptions and Limitations
441
The component-based modeling approach presented in this paper assumed that 442 the deformations in the loading and reaction blocks are sufficiently small to be ne- Although the bolt double-shear load-deformation response considered in this 577 paper was uniaxial, the empiracle model for the bolt shear load-deformation be-
578
havior can be readily generalized to consider cyclic behavior, using the modifica- the reference load R n becomes a cyclic reference load r n,cyc with r n,cyc = r n for the 582 first cycle and r n,cyc = sign(δ − δ unl )r n − r unl + k p δ unl for subsequent cycles, and 
